Introduction
TRIM5α (tripartite motif 5α) is one of the first identified host cell proteins which plays a key role in speciesspecific retroviral tropism [1] [2] [3] [4] . TRIM proteins are characterized by the sequential N-terminal presentation of domains: RING, B-box 2 and coiled coil [5, 6] , while the 5α isoform contains a C-terminal B30.2 (PRYSPRY) domain and variations in this domain dictate the potency and specificity of the restriction against particular retroviruses [7] [8] [9] [10] . The viral determinants of susceptibility to restriction are mapped to the capsid proteins [11] [12] [13] [14] . Studies have demonstrated that the rhesus monkey TRIM5α (TRIM5αrh) rapidly detects the mature core of HIV-1 at a postentry, pre-integration stage in the viral life cycle [3, 4, 15, 16] . Recognition by TRIM5α results in premature disassembly or accelerated degradation of the viral core, leading to defective viral reverse transcription [9, 17] .
Germline-encoded intracellular sensors recognize incoming pathogens through their specific molecular patterns as foreign entities [18, 19] . RIG-I and MDA5 rapidly recognize viral components and promote an antiviral state within the cell [20] [21] [22] . Similarly, the TRIM5 protein recognizes the retroviral capsid lattice, which stimulates the TAK1 kinase complex and activates downstream innate immune signaling pathways [23] . Although these intracellular viral sensors play critical roles in innate immunity, where and how they 'sense' the molecular signatures of specific pathogens remain largely unknown.
The host cell plasma membrane (PM) serves as the first physical barrier against viral entry, whereas viruses often target PM lipid microdomains as stable platforms to initiate infection. These membrane raft domains, which are enriched in cholesterol and sphingolipids [24] , have been implicated in many cellular processes such as signal transduction and endocytosis, but have also been appreciated to play a role in HIV-1 entry. Cellular receptors and coreceptors for the virus reside in membrane raft fractions [25] [26] [27] [28] and cholesterol promotes the clustering of CD4, as well as coreceptors CXCR4 and CCR5, on the PM for efficient binding and absorption of incoming virions [26, 29, 30] . Pharmacological disruption of target cell membrane rafts prevents virion entry [26, 27, [31] [32] [33] , implicating these membrane raft domains as HIV-1 entry hot spots.
Recently, we and others have demonstrated that TRIM5α localizes in lipid microdomains [34, 35] , while cholesterol depletion through β-cyclodextrin, which primarily acts on PM-associated cholesterol, impairs the TRIM5α-mediated retroviral restriction [35] . Additionally, we have identified increased levels of endogenous human TRIM5α in PM lipid microdomains after shortterm stimulation with a synthetic glycosphingolipid analog [36] . Based on these observations, we hypothesized that a subset of TRIM5αrh can be recruited to the PM for viral capsid recognition. To test this hypothesis, we examined the possible TRIM5αrh localization at the PM upon viral exposure. Our data demonstrated that TRIM5αrh was rapidly recruited to the inner leaflet of the host cell PM upon HIV-1 virus-like particle (VLP) binding. Total internal reflection fluorescence (TIRF) microscopy analysis identified frequent colocalization events of TRIM5αrh and HIV-1 VLP signals. Moreover, the aggregation of PM lipid microdomains by the incorporation of a synthetic glycosphingolipid also induced rapid PM recruitment of TRIM5αrh. The prerecruitment of TRIM5αrh to the PM increased the TRIM5αrh-mediated restriction of HIV-1 infection. Our findings therefore underscore the importance of rapid TRIM5α recruitment to the PM lipid microdomains for innate TRIM5αrh-mediated sensing and restriction of retroviral infection.
Materials and Methods

Cell Culture
All cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and antibiotics. Serum starvation conditions were maintained with 0.5% serum-supplemented DMEM. FRhK4 cells stably expressing TRIM5αrh with C-terminally labeled mCherry (FRhK4T5αCh), C-terminally HA-tagged TRIM5αrh (FRhK4T5α) and FRhK4 cells stably knocked down for TRIM5αrh have been described previously [35, 37] .
Fluorescence and TIRF Microscopy
Cells were grown on acid-washed and sterilized high-performance cover glasses (Zeiss, Thornwood, N.Y., USA). When cells were ready for imaging, cover glasses were washed in phosphatebuffered saline (PBS), fixed in 4% paraformaldehyde PBS solution and then washed in molecular-grade water. Cover glasses were mounted on standard microscope slides using Slow Fade Gold antifade reagent (Invitrogen, Grand Island, N.Y., USA). Fluorescence microscopy was performed using a fluorescence microscope (IX70; Olympus, Tokyo, Japan) equipped with ×60 1.4 NA or ×100 1.35 NA oil immersion objectives. Images were acquired using a QuantEM:512SC (Photometrics) CCD camera. For quantitation, all photomicrographs in a given experiment were exposed and processed identically for a given fluorophore and were analyzed using the MetaMorph image processing program (version 7.3.2; Universal Imaging). Images were prepared for individual figures using Photoshop CS (Adobe, San Jose, Calif., USA). TIRF microscopy was carried out using an Olympus attachment for the IX70 microscope. No deconvolution, 3D reconstructions, surface or volume rendering, or γ adjustments were performed.
Generation of HIV-1 VLPs
HIV-1 green fluorescent protein (GFP) VLPs were prepared with a codon-optimized HIV-1 CA plasmid [37] where the p24 sequence was fused with GFP, pCMV-R8.91 and pMD.G [38] by transfection with FuGene 6 (Roche) in 293T cells. GFP vectors were prepared with a GFP-expressing pSIN-CSGWdlNotI [37] , pCMV-R8.91 and pMD.G [38] using FuGene 6 in 293T cells. GFPcarrying simian immunodeficiency virus (SIV) vectors were prepared using FuGene 6 as described previously [39, 40] . For HIV-1 envelope (Env)-pseudotyped particles, pDOL HIV1-Env [41] was used in place of pMD.G. SIVmac-based vector plasmids, pSIV3+ and pSIV-GFP, were kindly provided by Dr. F.L. Cossett [42] . The vector-containing culture supernatant was collected and filtered through a 0.45-μm syringe filter 48-72 h after transfection. VLPs or virus vectors were centrifuged at 70,000 g for 2 h at 4 ° C, washed and resuspended in PBS. Bovine serum albumin (BSA)-coated nanoparticles were used at a concentration of 0.12 n M and have been described previously [43] .
Detergent-Free Separation of Higher Buoyant Density Fractions
The following procedure is based on that of Macdonald and Pike [44] . All procedures were performed on ice. FRhK4 cells in 150-mm plates (4 plates/treatment) were washed with PBS and then scraped into base buffer (20 m M Tris-HCl, pH 7.8; 250 m M sucrose; 1 m M CaCl 2 and 1 m M MgCl 2 ) supplemented with protease inhibitors (Sigma, St. Louis, Mo., USA). Cells were mechanically lysed by passage through a 22-gauge 1.5-inch needle 60 times. Lysates were centrifuged at 1,000 g for 10 min at 4 ° C. Supernatant was collected into a fresh microcentrifuge tube. One milliliter of base buffer was added to the pelleted cell lysate and syringe lysed again through a 22-gauge 1.5-inch needle 40 times. Lysates were centrifuged at 1,000 g for 10 min at 4 ° C and the second supernatant was combined with the first. One milliliter of base buffer was added to the pelleted cell lysate, syringe lysed again through a 22-gauge 1.5-inch needle 20 times and centrifuged at 1,000 g for 10 min at 4 ° C. The third supernatant was combined with the previous two supernatants, resulting in approximately 3 ml of cell lysate. One milliliter of OptiPrep density gradient medium (Sigma) was combined with the cell lysate at the bottom of a 12-ml 9/16 × 3 1/2 ′ open-top polyallomer centrifuge tube to comprise a 25% OptiPrep solution in base buffer (Denville Scientific, Metuchen, N.J., USA). A step gradient (22, 20, 18, 16, 14, 12, 10, 8, 6 , 4, 2 and 0% OptiPrep in base buffer) was carefully overlaid in 645-μl increments on top of the 25% OptiPrep mixture. Centrifugation was then performed at 21,500 rpm for 1.5 h at 4 ° C (SW-41 rotor; Beckman Coulter). After centrifugation, fractions were removed at 840-μl increments from the top of the flotation gradient layer. Fractions were then subjected to immunoblot analysis.
Infectivity Assays
For serum starvation, FRhK4 cells in 24-well plates were incubated in 0.5% FBS-supplemented DMEM for a minimum of 6 h at 37 ° C. Cell monolayers were washed once with PBS and then treated with 10 μ M C8-D -erythro -octanoyl-lactosylceramide (C8-D -eLacCer; Avanti Polar Lipids, Alabaster, Ala., USA) at room temperature for 15 min. Cells were washed again with PBS and culture plates were incubated on ice with increasing volumes of HIV-1 or SIV GFP vectors for 30 min to synchronize particle binding. FRhK4 cells were then incubated at 37 ° C for 10 min to facilitate particle entry into target cells. Immediately following the 10-min incubation, cell monolayers were washed twice with PBS to remove free viral vector particles and replenished with 10% FBSsupplemented DMEM. Approximately 36 h after infection, GFPexpressing cells were assayed by flow cytometry. Analysis was performed on Becton Dickinson CellQuest software (version 3.1; Becton Dickinson, Franklin Lakes, N.J., USA).
Separation of Cytoplasmic and PM Fractions in T Cells
The Minute Plasma Membrane Isolation kit was used to isolate cytoplasmic and PM fractions from T cells (Invent Biotechnologies, Eden Prairie, Minn., USA). All procedures were performed on ice and followed the manufacturer's recommended protocols. HIV-1 VLP and C8-D -e -LacCer pretreatments were performed as described above.
Immunoblotting
Proteins were subjected to SDS-PAGE in 4-15% Tris-HCl gel and then transferred onto a PVDF membrane at 0.7 mA/cm 2 for 40 min. Membranes were blocked in 5% milk in PBS overnight prior to application of antibodies. Antibodies were used in the following concentrations: mouse anti-flotillin-1/reggie-2 (1: 1,000; BD Transduction Laboratories), mouse anti-flotillin-2/reggie-1 (1: 1,000; BD Transduction Laboratories), rat anti-HA (1: 1,000; Roche), rabbit anti-TRIM5 (1: 200; ProSci), mouse anti-p24 monoclonal antibodies, AG3.0 [45] and 183-H12-5C [46] , and rabbit anti-Nup98 (1: 500, a generous gift from Dr. Jan van Deursen). Peroxidase-conjugated secondary antibodies (goat anti-rat IgG, goat anti-mouse IgG and goat anti-rabbit IgG; Thermo Scientific, Waltham, Mass., USA) were used at a 1: 2,000 concentration.
Results
HIV-1 Particles Recruit TRIM5αrh to the PM
We first examined whether the cytoplasmic body component TRIM5αrh could be visually detected at the host cell PM. FRhK4 cells stably expressing C-terminally mCherry-tagged TRIM5αrh were subjected to analysis with TIRF microscopy, which can selectively illuminate and excite fluorophores within approximately 100 nm of the cell surface [47] . To synchronize HIV-1 cell surface binding, cells were incubated on ice for 30 min in the presence or absence of vesicular stomatitis virus (VSV)-G-pseudotyped HIV-1 VLPs and further incubated at 37 ° C for 0, 10 and 30 min. When untreated cells were examined, epifluorescence imaging identified prominent TRIM5αrh-mCherry cytoplasmic bodies, whereas TRIM5αrh signals at the PM were largely absent in TIRF mode ( fig. 1 a, no VLP control) . Pre-incubation on ice did Fig. 1 . The cytoplasmic body component TRIM5αrh is rapidly recruited to the PM upon treatment with HIV-1 VLPs. a FRhK4T5αCh cells, which express an mCherry-labeled TRIM5αrh protein, were incubated with or without HIV-1 VLPs expressing a GFP-labeled capsid on ice for 30 min and then immediately incubated at 37 ° C for 0, 10 and 30 min to allow for particle fusion and entry. Cells were imaged in epifluorescence (Epi) and TIRF modes with an Olympus IX70 microscope equipped with ×60 1.4 NA or ×100 1.35 NA oil immersion objectives. Images were acquired using a QuantEM:512SC (Photometrics) CCD camera. b The total number of pixel counts per cell detected in TIRF mode was quantified using the MetaMorph image processing program (version 7.3.2; Universal Imaging); bars represent averages of 10-15 cells, error bars represent 1 SD and p was calculated using Student's t test. c Colocalization between signals from HIV-CA (green) and TRIM5αrh (red) were observed 10 min after binding (colors refer to the online version only). d FRhK4T5αCh cells were incubated with SIV VLPs with a VSV-G pseudotype (SIV), BSA-coated nanoparticles [43] or HIV-1 particles without envelope pseudotype (Env-less VLPs) on ice for 30 min and then immediately incubated at 37 ° C for 10 min to allow for particle fusion and entry. Representative Epi and TIRF images are shown. fig. 1 a) . Quantification of TIRF signals showed significant increases in TRIM5αrh signals at the PM upon incubation with the VLPs. TIRF signals were highest after the 10-min 37 ° C incubation and decreased upon extended incubations of 30 min ( fig. 1 b) . We speculate that rapid internalization of the proteinvirus complex may partially explain the observed decrease in TRIM5αrh TIRF signals following the 30-min 37 ° C incubation ( fig. 1 a, b) . Of note, when the TIRF signals from the HIV-1 CA-GFP particles and the TRIM5αrh mCherry proteins were overlaid, we found frequent colocalization between the two signals at the PM ( fig. 1 c) .
To determine the specificity of this TRIM5αrh recruitment, we used VSV-G-pseudotyped VLPs made with TRIM5αrh-resistant SIV, BSA-coated nanoparticles and HIV-1 VLPs devoid of the VSV-G Env (no-Env VLPs). Increased TRIM5αrh TIRF signals were detected in the presence of SIV particles after a 10-min incubation at 37 ° C ( fig. 1 d) , suggesting that the TRIM5αrh PM recruitment occurs irrespective of the viral core restriction sensitivity. In contrast, the BSA-coated nanoparticles, which are known to rapidly internalize via albumin-mediated endocytosis [43] , and the no-Env HIV-1 VLPs did not noticeably recruit TRIM5αrh signals to the PM. Together, these data demonstrated that TRIM5αrh is recruited to the PM immediately following VSV-G-pseudotyped VLP binding, but not upon albumin-mediated nanoparticle endocytosis.
A Subpopulation of TRIM5αrh Is Found in Higher Buoyant Density Fractions
We next examined for the presence of TRIM5αrh in higher buoyant density (membrane lipid microdomain) fractions upon HIV-1 infection. We separated membrane raft fractions from whole cell lysates of FRhK4 cells stably expressing HA-tagged TRIM5αrh protein (FRhK4T5α). To minimize the artifacts due to detergent-mediated protein aggregation, we used a detergent-free method [44] . As a marker for the flotation fractions, the membrane raft-associated protein flotillin-1 was assessed and nucleoporin Nup98 was used as a non-raft-associated control ( fig. 2 a) . TRIM5αrh signals were not detected higher than fraction 8 in untreated FRhK4T5α cells; however, when cells were pretreated with HIV-1 VLPs, a separate TRIM5αrh signal was observed in the upper fraction of 4 and 5 ( fig. 2 a) . p24 signals from the HIV-1 capsid were also detected in higher flotation fractions ( fig. 2 a) . Enhanced flotillin-1 signals in fractions 4 and 5 correspond to this TRIM5αrh subpopulation found in higher buoyant density fractions.
In accordance with our TIRF analysis, treatment with the VSV-G-pseudotyped SIV VLPs also resulted in additional TRIM5αrh-HA signals in fractions as high as 4 and 5 ( fig. 2 b) , indicating that the recruitment of TRIM5αrh to the PM was independent of viral capsid identity. Since VSV-G pseudotyping mediates viral entry through endocytosis [48, 49] , we examined whether TRIM5αrh recruitment has any involvement in the host cell endocytosis mechanisms. Upon treating FRhK4T5α cells with BSAcoated nanoparticles, TRIM5αrh signals were not apparent in the higher buoyant density fractions ( fig. 2 b) .
To rule out the possibilities that the recruitment of TRIM5αrh is due to the exogenous expression of mCherry-or HA-tagged TRIM5αrh proteins, we detected endogenous TRIM5αrh using a commercially available antibody against TRIM5α (catalogue No. 3251; ProSci). Upon separation of higher buoyant density fractions, we were able to detect a specific band approximately 50 kDa in size. Although only faint TRIM5αrh bands were found in fractions 3-8, more prominent signals in these fractions were observed upon HIV-1 VLP binding to the PM under identical exposure conditions. These data suggest that a subset of endogenous TRIM5αrh resides on the PM without viral exposure and that endogenous TRIM5αrh is further recruited to the PM upon HIV-1 infection.
A Glycosphingolipid Stereoisomer Can Recruit
TRIM5αrh to the PM Brief incubation with exogenous glycosphingolipids stimulates the coalescence of membrane raft markers (such as β 1 -integrin and GM 1 ganglioside) into micron size structures at the PM [50, 51] . Our previous proteomic studies have indicated that human TRIM5α was more readily detected in higher buoyant density fractions upon aggregating PM lipids of human fibroblasts [36] . When FRhK4T5α cells were pretreated with 10 μ M C8-D -e -LacCer prior to detergent-free fractionation, an increased amount of TRIM5α-HA signal was detected in fraction 7, as well as fainter signals in upper flotation fractions 2-6 ( fig. 3 a) . Furthermore, TIRF analysis confirmed that C8-D -e -LacCer treatment can recruit TRIM5αrh to the host cell PM ( fig. 3 b) . In previous reports, TRIM5α movement within the cytoplasm has been reported to be microtubule dependent [52] . We reasoned that this rapid TRIM5α re- TRIM5αrh is found in higher buoyant density fractions upon VLP infection. A detergent-free method to separate higher buoyant density fractions was applied for all fractionation studies [44] . Representative images from 3 independent experiments are shown. a FRhK4 cells stably expressing HA-tagged TRIM5αrh protein (FRhK4T5α-HA) treated with PBS (upper panel) or HIV-1 VLPs (lower panel) are shown. Flotillin-1 was used as a marker for flotation fractions, while Nup98 was used as a sedimenting control. Antibody against HIV-1 capsid (CA) is shown; p24 is indicated by arrow. b Identical experiments were carried out as in a , however using SIV VLPs or BSA-coated nanoparticles. c Identical fractionation experiments were carried out as in a , however using wild-type FRhK4 proteins expressing endogenous levels of TRIM5αrh (enTRIM5αrh), which was probed using a commercially available antibody against TRIM5 (ProSci). cruitment to the PM may also be dependent on microtubules. Indeed, when FRhK4T5αCh cells were treated with 66 μ M nocodazole for 2 h prior to 10-μ M C8-D -e -LacCer treatment, a remarkable decrease in TRIM5α signals at the PM was observed ( fig. 3 c, d) .
Next, we determined the possible PM recruitment of endogenous human TRIM5α in T lymphocytes. SupT1 and Jurkat cells were pretreated with HIV-1 Env-pseudotyped HIV-1 VLPs or C8-D -e -LacCer, then subjected to PM isolation by a commercially available PM isolation kit, which facilitates separation of cytoplasmic and PM protein fractions (Invent Biotechnologies). Upon immunoblot analysis of each cytoplasmic and PM fraction, endogenous TRIM5α signals were higher in the PM fractions upon pretreatment with HIV-1 VLPs and, to a lesser degree, with C8-D -e -LacCer ( fig. 3 e) . These data suggest that endogenous human TRIM5α in T cells can be recruited to the PM upon exposure to HIV-1 VLPs.
Prerecruitment of TRIM5αrh to the PM Enhances the Postentry Restriction
We then examined the role of TRIM5αrh PM recruitment on the restriction activity against incoming virus particles. We pretreated FRhK4 cells with 10 μ M of C8-De -LacCer and then applied VSV-G-pseudotyped HIV-1 GFP vectors at increasing concentrations, which could saturate the endogenous postentry restriction. The virus particles were incubated with the target cells for 30 min on ice and allowed for viral entry through a 10-min incubation at 37 ° C. When cells were pretreated with C8-D -e -LacCer, infection kinetics were changed, and cells were more resistant to HIV-1 GFP vector infection. The potency of restriction was enhanced approximately 5-fold ( fig. 4 a) , although the saturation of the restriction was eventually observed at higher viral doses. When endogenous TRIM5αrh expression was stably knocked down, there was no change in HIV-1 infectivity with or without C8-D -e -LacCer pretreatment ( fig. 4 b) . Similarly, C8-D -e -LacCer did not alter the infectivity of a permissive SIV GFP vector in FRhK4 cells ( fig. 4 c) . These data demonstrate that the recruitment of TRIM5αrh to the PM plays an important role in HIV-1 capsid restriction. Our data also indicate that the C8-D -eLacCer-mediated enhanced postentry restriction is dependent on TRIM5αrh expression and a TRIM5αrh-restricted virus, and rule out the possible nonspecific C8-D -e -LacCer effects on viral infectivity.
Discussion
TRIM5α is a multifunctional component of the innate immune system [53, 54] . In addition to restricting retroviral infection, recognition of the hexameric capsid lattice, a molecular signature of retroviruses, also leads to activation of the TAK1 kinase complex and subsequent stimulation of AP-1 and NFκB signaling [23, 53, 54] . Here, we have demonstrated that retroviral attachment and PM microdomain clustering rapidly recruited TRIM5α to lipid-enriched PM regions. Of note, prominent accumulations of PM TRIM5αrh signals were observed at the sites of viral attachment/entry after a 10-min incubation at 37 ° C. Although previous studies have demonstrated that cytoplasmic TRIM5α bodies are highly mobile [52] , our data indicate that the rapid PM recruitment of TRIM5α is a preceding step for innate retroviral detection. Efficient host cell restriction of an incoming virus particle requires rapid recognition of viral components. In the postentry HIV-1 restriction by TRIM5αrh, recognition is efficient and rapid [9, 55] . Thus, there either must be an abundance of the restriction factor in the cytoplasm or strategic availability of TRIM5α proteins in areas with high viral traffic. Previous studies have demonstrated through the ease of abrogation that restriction factors are of limited availability [12, 56, 57] , thus supporting the latter hypothesis. Our study demonstrated the importance of PM TRIM5α recruitment for efficient HIV-1 restriction. Notably, when endogenous TRIM5αrh in FRhK4 cells was detected by the flotation assays, only a marginal proportion of TRIM5αrh was in higher buoyant density fractions. Exposure to HIV-1 VLPs strongly increased the levels of TRIM5αrh in flotation fractions, although the majority of endogenous TRIM5αrh remained in the lower buoyant density fractions. Given the limited availability of TRIM5αrh for restriction in FRhK4 cells, it is conceivable that the PMassociated higher buoyant density TRIM5αrh plays a key role in retroviral restriction. We speculate that the lower buoyant density TRIM5α is involved in the ensuing retroviral restriction process, such as induction of proteasomal degradation of the retroviral capsid. Since the cytoplasmic colocalization between exogenously expressed TRIM5α and target viral capsid has been reported [35, 52, 58] , it is also possible that the lower buoyant density TRIM5αrh may play a secondary role, such as blocking incoming viruses in cytoplasm or promoting higher-order TRIM5αrh self-association for enhanced viral restriction [59] .
Our results demonstrated the rapid TRIM5α recruitment to the host cell PM upon viral particle binding. The rapid recruitment was observed when cells were incubated with VSV-G-pseudotyped HIV-1 and SIV VLPs ( fig. 1 b, d ), but not by artificial BSA-coated nanoparticles ( fig. 1 d) . Although no-Env HIV-1 VLPs failed to recruit TRIM5αrh, the binding of HIV-1 Env-pseudotyped HIV-1 VLPs could recruit TRIM5α in human lymphocytes.
These observations indicate that (i) the recruitment occurs irrespectively of the viral core sensitivity to the TRIM5α; (ii) albumin-mediated endocytosis does not induce TRIM5α recruitment, and (iii) both VSV-G and HIV-1-Env pseudotypes can induce this recruitment. Since initiation of the TRIM5α PM recruitment can be seen when cells were maintained on ice for 30 min, we argue that TRIM5α recruitment to the PM does not require viral entry into the cells. Interestingly, similar TRIM5α PM recruitment was observed when PM microdomains were clustered using C8-D -e -LacCer ( fig. 3 b) . Additionally, this recruitment was also dependent on intact microtubules ( fig. 3 c, d ). Since no-Env VLPs failed to recruit TRIM5α, it is plausible that TRIM5α PM recruitment is induced by the changes in membrane potential or a clustering of PM microdomains through viral receptor binding (such as CD4 and CCR5, which reside in regions enriched in steric lipids). Alternatively, binding of pathogen-associated molecular patterns, such as abnormal lipid contents in viral glycoproteins, may play a role in triggering the PM recruitment of TRIM5α.
Previously, we identified increased levels of endogenous human TRIM5α in PM lipid microdomains after short-term stimulation with a synthetic glycosphingolipid analog [36] . In this study, we also demonstrate the rapid PM recruitment of endogenous human TRIM5α upon infection with HIV-1 Env-pseudoypted HIV-1 vectors in human T lymphocytes ( fig. 3 e) . Considering the primary receptor and coreceptors for HIV-1 are known to reside in membrane raft domains, endogenous TRIM5α recruitment to the lipid-enriched viral entry hot spots is likely to set up a formidable first-line antiviral defense. A recent report suggests that permissivity to HIV-1 infection is partially dependent on the TRIM5α context [60] , warranting further studies in human lymphocytes to determine this antiviral context of TRIM5α.
Human TRIM5α is known to restrict N-tropic, but not B-tropic, murine leukemia virus (MLV). It remains to be determined whether MLV infection also recruits human TRIM5α to the PM. As mentioned above, our study demonstrates the promiscuous recruitment of TRIM5α to the PM by HIV-1 Env-pseudotyped HIV-1, VSV-G-pseudotyped HIV-1 and SIVmac, irrespective of their sensitivity to TRIM5α. Although further studies are needed, we speculate that exposure to VSV-G-pseudotyped N-MLV or B-MLV will lead to human TRIM5α recruitment.
In summary, our findings demonstrated the rapid translocation of TRIM5α to the host cell PM upon exposure to HIV-1 VLPs and PM lipid clustering. Recruitment of TRIM5αrh to the PM, prior to viral exposure, increased the potency of postentry restriction activity against incoming HIV-1 particles. Our data therefore suggest that the rapid PM recruitment of TRIM5α facilitates efficient innate immune sensing and restriction of retroviral infection.
